Short-range ordering (SRO) in Fe-Cr has been the subject of a number of recent experimental and theoretical investigations, as ordering effects are significant for the phase stability of this technologically important alloy. Recently, discrepancies regarding the SRO behavior of Fe-Cr have been reported between results obtained with Mössbauer spectroscopy and diffuse neutron scattering, respectively. As the methodology for reducing SRO parameters from Mössbauer spectra is indirect and relies on the determination of a large number of parameters, here a new method for directly connecting the Mössbauer effect with SRO is presented. The method is verified using synthetic spectra derived from Monte-Carlo simulated alloy structures with different SRO parameters and subsequently it is applied to experimental data obtained from Fe-Cr alloys. Agreement with diffuse neutron scattering is found at low Cr concentrations; however, some discrepancies still remain for more concentrated alloys and possible reasons for these are discussed.
INTRODUCTION
The Fe-Cr binary alloy system forms the base of a very important class of engineering materials, ferritic stainless steels, which combine good mechanical properties, corrosion resistance, and also resistance to nuclear radiation environments. Fe-Cr alloys exhibit a complex behavior due to the interplay between configurational and magnetic energies. The low temperature/low Cr concentration region of the phase diagram, where the alloy is in the ferromagnetic bcc state, is still under investigation.
Mirebeau et al. [1, 2] observed by means of diffuse neutron scattering (DNS) that at low Cr concentrations the alloy exhibits a strong tendency for short-range ordering (SRO), as indicated by a negative value of the Warren-Cowley SRO parameter. At higher concentrations the behavior changes to Cr clustering and the Warren-Cowley parameter becomes positive as the alloy approaches the solubility limit. The SRO inversion has been recently correlated [3, 4] with ab-initio electronic structure calculations [5, 6] showing a change of sign in the Cr mixing enthalpy at the same concentration region where the SRO inversion occurs. These findings are of particular importance for the phase stability of Fe-Cr and for the evolution of the microstructure and may have serious implications for the hardening and embrittlement behavior of ferritic steels under irradiation [7] .
Mössbauer spectroscopy is a powerful technique that can provide information on the local chemical environment around Fe atoms and has been frequently employed for the study of ferromagnetic iron alloys [8, 9, 10, 11, 12] . In a recent publication Dubiel & Cieslak [13] attempted to obtain the Fe-Cr SRO parameters from their Mössbauer spectra. However, their results are not in agreement with DNS experiments [1, 2] . According to their interpretation, the SRO parameter, averaged over the first two nearest neighbor shells, does not change sign as a function of Cr concentration. Instead, the averaged SRO parameter can attain negative or positive values depending on the metallurgical condition of the sample.
As already noted by Schwartz and Asano [14] , the extraction of SRO parameters from Mössbauer spectra presents fundamental difficulties related to the type of information obtained from the experiment. Mössbauer spectroscopy yields the probability (1) is over all 57 Fe nuclei whereas the second is over all different configurations and k P is the probability of a specific configuration. As interpretation of the experimental Mössbauer results based on equation (1) is unattainable, simplifications are needed. An obvious simplifications of (1) is the assumption that the additivity of the HMF shifts established in ordered alloys (e.g. Fe 3 Si and Fe 3 Al, see [19] ) applies to all systems. There is also a strong indication that for random FeCr alloys produced by fast quenching [12] or for alloys with high Cr content [20] the additivity still holds to a good approximation. The additivity of the HMF shifts is expressed as 
where n m is the number of n -th order nearest neighbor sites occupied by solute atoms and n H ∆ is the contribution to the shift of a single solute atom at a n -th nearest neighbor position. The probability k P in the case the configuration is expressed in occupation numbers of the neighboring cells is denoted by
In a dilute Fe alloy a random distribution of impurities may be assumed and therefore the different
can be expressed analytically, by means of the binomial distribution, or numerically [21] and the hyperfine fields are then derived by a least square fit of equation (1) to the experimental data. In most of the work performed on dilute alloys [8, 9, 10 ] the analysis has been restricted to the first two nearest neighbor shells [ 2 l ≤ in eq. (2)], the HMF shifts caused by higher order neighbors being considered negligible. However, other workers have included higher order coordination shells [22, 21] in their interpretation. In recent ab-initio calculations of the HMF shifts caused by 3d impurities, in the single impurity limit [23] and for a fixed concentration of 3.7% [24] , it has been shown that, at least for Cr, the contributions from nearest neighbor shells higher than the second are much smaller and their effect cannot be observed within the resolution of Mössbauer spectroscopy. Furthermore, the values of [23, 24] for 3d solutes are in good agreement with experimental results from dilute alloys.
Turning to concentrated alloys, the analysis of Mössbauer spectra based on equations (1) and (2) suffers by some important limitations. First, the assumption of random solute distribution, whenever it applies is questionable. Even if we assume that the high temperature thermodynamic state of the sample is frozen by fast quenching a degree of short range order will be present in many cases even at high temperatures. Further, the assumption of the additivity of HMFs [eq. (2)], although there is currently no strong experimental evidence against it, requires a theoretical justification, especially in high concentration alloys in which the average number of solute atoms around Fe is large. Despite this lack of justification, the assumption of additivity offers a significant advantage: it provides a means for calculating the HMF in a large number of different configurations by just a few parameters. A similar tool is missing for the configuration probabilities, which are typically left as a large number of freely adjustable parameters, constrained only by normalization, in a least-squares analysis of experimental spectra. The methodology developed in this work actually provides such a tool; it diminishes the number of the required parameters to only those needed to describe the configurational state of the alloy, i.e., the SRO parameters. In addition, the alloy concentration can be considered as an additional parameter to be fitted. As the Mössbauer spectrum is received by a small sample volume prepared by different means from a bulk sample its composition might differ from that of the parent material and thus it is beneficial the solute concentration to be determined. This is essential after a heat treatment or irradiation of an alloy when a percentage of solute atoms have agglomerated.
III. ASSOCIATION OF MÖSSBAUER SPECTRA WITH SHORT RANGE ORDER
In equation (1) we have connected quite generally the Mössbauer spectrum with the probability k P of the atomic configuration around a Mössbauer atom. Employing the terminology of cluster expansions [25] , the configuration k of a cluster of M atoms is uniquely described by a vector of occupation ii) The configurational energy of the alloy is dominated by pair interactions. Thus, the k P of the Mössbauer cluster are determined by pair correlations alone. This is expressed as
where c is the alloy concentration and α denotes a set of SRO parameters representing the pair correlations as defined in eq. (4). The Mössbauer cluster contains pairs with interatomic distances up to the 6 th coordination shell, thus α is composed of the first 6 SRO parameters.
iii) Changes in hyperfine parameters induced by Cr solutes are additive. Consequently, only the number of Cr atoms as first and second nearest neighbors matter and not the exact sites they occupy. Thus, the quantity of interest for Mössbauer spectroscopy is the conditional 
where the denominator accounts for the probability of the central site being occupied by an Fe atom.
In the above chain of arguments the only missing link is the actual form of the functions ( ) The lack of a similar analytical expression for It has already been noted earlier [14] that in lieu of analytical formulas for 1 2 m m P one should turn to numerical methods. As a first step in this direction the Monte-Carlo (MC) technique is employed to simulate Mössbauer spectra of short-range-ordered Fe-Cr. A model alloy configuration is constructed numerically so that it complies with a set of specified SRO parameters. All higher order correlations present in this model alloy are consistent with a system Hamiltonian containing only pair interactions.
The adopted Monte-Carlo procedure of constructing a binary alloy structure with defined concentration and SRO parameters is that described in [33] . In short, starting from a purely disordered configuration, pairs of A-B atoms are selected at random and their positions are exchanged. If after the exchange the pair correlations in the lattice are closer to the desired values, the exchange is retained; otherwise it is rejected. This is repeated until the required pair correlations are established. Simulations were performed on model bcc lattices of 6 2 10 × atoms. These MC calculations will serve as the base for testing the developed numerical procedure for deriving the SRO parameters from experimental Mössbauer spectra and which is going to be discussed in the next section.
Mössbauer spectra of short-range ordered Fe-Cr alloys have been simulated in the following way: for a randomly chosen Fe atom of the simulated lattice the first and second neighbor Cr atoms are counted and the corresponding Mössbauer spectrum is calculated using equation (1) and (2). The relative HMF shifts are set equal to values typical of Fe-Cr alloys,
shifts are negative due to the fact that Cr atoms couple anti-ferromagnetically to the iron lattice and thus tend to reduce the HMF of neighboring iron nuclei. Other parameters as, e.g., Mössbauer linewidth and isomer shifts also take on typical values. The procedure is repeated for a large number of Fe atoms, the spectra are summed and normalized. A computer-generated random Gaussian noise signal is added to account for the typical counting errors in a real experiment.
In fig P with 0 α > is below the random alloy value for 0.12 c < but goes above the random alloy curve for higher concentration. This complex behavior is due to the intricate interplay between the probability for the occurrence of, e.g., A-B pairs, which increases with concentration, and the correlations between these pairs which are governed by the value of α .
IV. DETERMINATION OF SRO PARAMETERS FROM THE MÖSSBAUER SPECTRA
The MC procedure described above is an excellent approach for calculations or qualitative discussion, however, it is very inefficient for the reduction of the different parameters from experimental data as the best approach is the least squares fit. In this section we introduce a novel numerical procedure for obtaining the configuration probabilities α Before proceeding to present this new procedure we note here briefly the exact functional form that is used for fitting to experimental spectra. In order to take into account thermal vibrations, local strains and experimental resolution effects the discrete summation of (1) is replaced by the convolution of the Lorentzian with a field distribution function having Gaussian form [34] . A single Mössbauer line is therefore written as
where ( ; ) G x σ is a Gaussian function centered at
and of width σ ; ( ; , ) V x γ σ denotes the Voigt function. Finally, the expression to be fitted to experimental data by standard non-linear least squares fit is given by
The numerical evaluation of α . If k W denotes the number of crystallographically equivalent configurations and k P is the corresponding occurrence probability, then the normalization condition reads as
In order for the k P to reflect the alloy concentration, the following sum rule has to be obeyed
Here
c within the k -th cluster configuration. A set of similar sum rules may be written for the pair correlations ( )
where the indexes ( , ) i j run over all possible n-th order pairs within the cluster. The right hand side of the last equation follows directly from eq. (4) and provides the link between the cluster configuration probabilities and the Warren-Cowley SRO parameters. We note that the atoms in the Mössbauer cluster form a total of ( 1) / 2 105 M M − = pairs with coordination up to the 6 th shell.
The equations (11)- (13) do not form a complete set, i.e., they are not sufficient to provide a full description of k P . The idea of Clapp was that an approximate set of k P can be obtained by maximizing the entropy measure
subject to the constraints imposed by the sum rules (11)- (13) . The physical basis behind this proposition is the following: if pair interactions and, consequently, pair correlations are dominant, then eq. (13) ensures that the entropy maximization is done while keeping the configurational energy of the system constant. This is equivalent to maximizing the entropy of a microcanonical ensemble. It is noted that (14) is only an approximation to the true entropy of the alloy, however, Clapp [16] has argued that the maximum of (14) will lie very close to the maximum of the exact entropy.
The information required to implement the PVM includes, for each distinct configuration k , the multiplicity k W , the number of B atoms, and the number of n -th order A-B pairs with 6 n ≤ . These are easily obtained by inspection. The constraint entropy maximization is accomplished by the standard method of Lagrange multipliers as already described by Clapp [16] . The maximization problem is thus converted to the solution of a system of non-linear equations. Solution by standard numerical methods yields the cluster configuration probabilities α ( , ) ii)
The spectra are only sensitive to the average SRO parameter in the first two neighbor shells, defined by Taking into account the above observations it is seen that the configuration probabilities , as suggested in [34] , and the parameters 0 δ and 1 δ were co-refined during the fitting procedure.
Experimental Mössbauer absorption spectra of the annealed (AN) Fe-Cr alloys are shown in fig. 3 as a function of source velocity. The spectra could be successfully fitted by the PVM model and the resulting curves are also shown in fig. 3 together with the fitting residuals. The model reproduces the experimental behavior very well; however, there are some systematic discrepancies mainly at the peak positions. This may be due to details of the Mössbauer lineshape, e.g., due to finite absorber thickness, that the Voigt profile does not correctly account for. The results of the analysis for the Cr concentration, the average SRO parameter and the relative HMF shifts are listed in Table II . Error values reported in the table correspond to the statistical uncertainty resulting from the least-square minimization. The experimental spectra of the specimens in the cold-worked (CW) state exhibit marginal differences from the AN ones. They were analyzed in exactly the same manner and the corresponding results are also listed in Table II .
We first discuss the hyperfine parameters deduced from the analysis. In order to compare our results obtained at 77 K with previous experiments performed typically at room temperature (RT) or with abinitio calculations which in principle correspond to 0 K, the HMF shifts are given in Table II normalized to the HMF of the host. The magnitude of Fe H at liquid-nitrogen temperature is 339 kG [36] , approximately 2.5% higher than at RT. Values from previous experimental work quoted in Table II have been scaled to the appropriate value of Fe H at the corresponding measurement temperature. Table II give directly the relative shifts / Fe H H ∆ .
Theoretical calculations cited in
As seen from [12, 13] , the observed relative shifts are found slightly larger in magnitude, by about 1% on the average. This is probably due to the lower temperature of measurement. Earlier Mössbauer studies of HMF shifts as a function of temperature for a number of transition metal impurities in iron found variations of the same order of magnitude [37] . Notably, the value of 1 / 10.2% [23] and Rahman et al. [24] , which both correspond to the low-temperature and low-concentration limit. In all samples the coefficient 1 δ that couples the HMF to isomer shifts is found equal to We now turn to discuss the parameters relevant to the alloy configuration, i.e., the concentration and the SRO parameter, extracted on the basis of the PVM. In the Fe-5Cr alloy the concentration predicted by the Mössbauer analysis in both CW and AN specimens is in very good agreement with the nominal one, within statistical error. A negative SRO parameter is found indicating an ordering tendency of the solute atoms. For both metallurgical conditions the same value of α is obtained, within errors. This is in contrast to the results of ref. [13] where α is reported to even change sign when the sample is subjected to metallurgical processes very similar to the ones employed here. The discrepancy is probably due to the limitations of the method employed in [13] for the estimation of α (cfg. section IV and [14] ).
In Fe-10Cr the Mössbauer-estimated concentration in both CW and AN samples is found slightly lower than the nominal one; however, differences are comparable to the statistical error. The SRO parameter is found negative in Fe-10Cr as well, both in the CW and AN state. Finally, in Fe-15Cr the concentration obtained from the fitting procedure is 12 at.% , i.e., 3 at.% lower than the nominal one, which is a substantial deviation. This occurs in both CW and AN samples. The SRO of Fe-15Cr is found again negative in both metallurgical conditions and of about the same magnitude as in the other alloys.
Thus, the picture that emerges from the Mössbauer analysis is that (i) the apparent concentration is in agreement with the nominal one at low concentration but is found gradually lower, starting at about 10 at.% Cr; (ii) that the SRO parameter is negative and of the same magnitude throughout the studied concentration range. The first of these observations is puzzling since the Mössbauer specimens were also tested with EDX and it was confirmed that their average Cr concentration is in accordance with the nominal one. Further, the observed SRO behavior is different from previous DNS results [1, 2] . Both techniques obtain the same average SRO parameter of 0.03 α ≅ − for low Cr concentration. However, the sign inversion found by DNS as the concentration is increased is not confirmed by the present results. Thus, it appears that discrepancies arise with the Mössbauer-estimated alloy properties at high Cr concentration. In the following we discuss possible causes for these discrepancies, which may either lie within our method of analysis or they may base on real physical phenomena.
First, the convergence behavior of our least-squares procedure was extensively tested, in order to ensure that it was not trapped at some shallow minimum within the parameter space. The tests showed that in all cases the least-square solutions represent true minima and that there is sufficient sensitivity in determining the values of concentration and SRO parameter. This is exemplified in fig. 4 for Fe-15Cr.
In fig. 4 (a) the Cr concentration is changed by 0.5 at.% ± around the fitted value of 12 at.% and the corresponding spectra are plotted together with the actual least-squares solution and the experimental data. Only the left-most peak of the Moessbauer pattern is shown for more detail. As seen in the figure, the deviation of the simulated curves from the experimental spectrum is clearly visible already at this small level of parameter change. The same is true for the SRO parameter which is varied by 0.01 ± around the fitted value of 0.03 − . The corresponding simulated spectra are shown in fig. 4 (b) and the sensitivity of the fitting procedure concerning the value of α is confirmed.
We now discuss the assumptions of our model, which have been put forward in section III. The restriction to only Cr atoms in the first two coordination shells has been previously employed by many investigators [9, 12, 13] and, moreover, it is supported by first-principles theoretical calculations [23, 24] .
Theoretical justification exists also for our second assumption, i.e., that configuration probabilities are mainly determined by pair correlations. Effective interactions in Fe-Cr of atomic clusters other than the pair, e.g., of three-atom or four-atom clusters, have been generally found much weaker than pair interactions in calculations of configurational energy by several authors [3, 26, 30] . Consequently, they will result in small corrections to the PVM-calculated On the other hand, a possible interpretation of our findings could be offered by Cr clustering or segregation in the concentrated alloys. The Fe-Cr phase diagram [38] exhibits a miscibility gap separating the Fe-rich alpha phase from the Cr-rich alpha-prime phase. This leads to alloy decomposition by the formation of alpha-prime precipitates in super-cooled alloys with Cr concentration above about 10 at. % aged at temperatures between ~400 and 550ºC [38] . Thus, it could be argued that the concentrated alloys of the present study are in an early stage of decomposition where not well-defined precipitates but small Cr-enriched regions may have formed. These regions may exhibit a range of concentrations within the miscibility gap. Support for this assumption is given by preliminary small-angle neutron scattering measurements on these alloys in the as-received state, which have indicated the existence of a fine dispersion of nanometer-sized objects [39] . With regard to the Mössbauer effect, the high Cr concentration regions will have significantly reduced HMF values according to eq. (9) . The presence of a large number of closely spaced satellites will result in an almost structureless Mössbauer pattern; moreover, the overall intensity of the pattern will be reduced due to the low iron content in these regions. A model calculation based on equations (9)- (10) averaging of the SRO parameters in the alpha and alpha-prime phases. Notably, they find that in the alpha phase the SRO parameter is always negative and does not vary appreciably with concentration, which is in accordance with our findings.
VII. CONCLUSIONS
A novel approach is presented for analyzing Mössbauer spectra of short-range ordered Fe-Cr alloys.
It relies on the Probability Variation Method (PVM) of Clapp [15, 16] for obtaining the probabilities of different Cr configurations around a Mössbauer-active iron atom. Within the PVM, the a priori assumption is made that these configuration probabilities are fully determined by pair correlations or, equivalently, by the Warren-Cowley short range order (SRO) parameters. The physical background of this assumption is that the configurational energy of the alloy is determined mainly by effective pair interactions. This approximation is quite justified for Fe-Cr as shown by recent theoretical investigations.
Regarding the hyperfine parameters in Fe-Cr, typical assumptions are adopted as employed in many previous studies, i.e., that only Cr atoms in the first two shells create measurable perturbations to hyperfine parameters and that these perturbations are additive when multiple Cr neighbors are present.
The advantage of the new method is that information on SRO is obtained directly through the leastsquares fitting of experimental spectra, providing also an estimate of the alloy concentration. Further, the number of adjustable parameters is thereby significantly reduced making the analysis much more robust.
The new method of analysis has been first tested on synthesized spectra obtained from Monte-Carlo however, the information that can be extracted from the spectra is limited to a single parameter, namely, the average SRO parameter over the first two nearest neighbor coordination shells.
Finally, experimental spectra from three Fe-Cr alloys of well characterized purity and composition concentration the sign inversion observed previously by DNS is not confirmed. These discrepancies occurring at higher Cr concentrations could be attributed to alloy decomposition which is known to occur in Fe-Cr at these concentration levels. However, it cannot be excluded that the discrepancies are due to the assumption of the additivity of HMF shifts caused by Cr neighbors, which has been typically employed so far in the analysis of Mössbauer spectra and is also adopted in this work. The additivity would be expected to start failing as more Cr atoms are first and second neighbors to Fe, which occurs as the Cr concentration in the alloy increases. Table I . 
